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Abstract. The dynamics of spin effects in hard hadron
processes is discussed. Possibilities for the experimental
study of the effects by means of accelerated, polarised
proton beams are considered.

1. Introduction

The physics of hadron interactions involves the study of
hadronic wave functions and the dynamics of the interaction
of hadron constituents. The continuing current interest in
spin effects and the spin structure of hadrons derives from
their well-appreciated importance for the analysis and
theoretical description of hadron interaction dynamics.

The concept of spin entered physics in the mid-twenties,
when Uhlenbeck and Goudsmit introduced the electron’s
internal degree of freedom —spin—as a real physical
property which had to replace the nonmechanical stress
idea used by Pauli in formulating his Principle. The
Uhlenbeck —Goudsmit formulation also allowed a classical
mechanical interpretation of Pauli’s new quantum number,
and gave some insight into the anomalous Zeeman effect.

Thus, Pauli formulated the concept of a new quantum
number, to fit in with his double-state idea, and Uhlenbeck
and Goudsmit introduced the electron intrinsic momentum
(i.e. spin) as a concept with physical reality.
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The discovery of the Dirac equation showed spin to be
an inherent property of relativistic theory. A free Dirac
particle, with a wave function satisfying a matrix equation,
has—in addition to the momentum —one further invar-
iant, an intrinsic angular momentum (i.e. spin) equal to 7/2.

The concept of spin emerged at the intersection of ideas
in classical and quantum physics. [ts prototype is classical
rotation. It is noteworthy that as far back as 1921 Compton
made his calculations by treating the electron as an
extended and rapidly spinning object. In actual fact,
however, spin is an entirely quantum-mechanical concept.

The Pauli principle and the spin concept served as the
starting point for fundamental ideas such as the interchange
symmetry of wave functions, and statistics.

Until recently it was thought that one might be able to
do without spin in high-energy physics. Even though the
fundamental building blocks of matter (quarks, leptons,
and particles by which fundamental interactions are
mediated) are all of nonzero spin,
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the corresponding effects have generally been accounted for
either via combinatorial analysis, in constructing state
vectors, or by means of appropriate amplitude factors. The
dynamical implications of spin degrees of freedom have
invariably been ignored.

It is to be noted that high-energy experiments on spin
effects have been widely considered as just keeping up the
traditions of low-energy physics. On the other hand, one
would expect that spin plays a significant role in quark—
lepton interactions. Experimental spin physics has led to
results which have strong implications for the theoretical
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concepts and models currently in use in the high-energy
region.

The flow of new results in the eighties, particularly in the
large-transverse-momentum (p,) region, highlighted the
problem of spin degrees of freedom in interaction dynamics
while at the same time providing challenges to quantum
chromodynamics, or more precisely its perturbative for-
mulation, which is supposed to describe high-p, processes.

In perturbative quantum chromodynamics, the polar-
isation of a quark in a hard subprocess turns out to be small
in view of the vector nature of the quantum chromody-
namic interaction, and quark helicity conserves terms up to
O(m/+/s). Also, in explaining the observed asymmetries

A ~1Im (anF_;) R

one finds that the required phase shifts for amplitudes with
(F) or without (F,) a change in helicity, fail to be
generated by short-distance interactions and are presum-
ably of nonperturbative origin.

Much attention has been paid in recent years to nucleon
spin structure, in particular to the role quarks and gluons
play in the spin balance of the proton:

Sp = Sq+ 85+ (L) .

The contributions made by the gluon spin and by the
orbital momenta of quarks and gluons appear to be
significant [1]. In addition to the SLAC and CERN
results, new experiments are being planned to measure
the spin structure functions of the proton and neutron to
enable more decisive conclusions to be reached. The
theoretical interpretation of the available results has
already shed new light on the nature of nucleon spin [2].
The study of spin effects is one of the most topical
problems in high-energy physics. The measurement of spin
observables is more informative compared with spin-aver-
aged quantities and allows a detailed analysis of existing
theoretical models. A number of interesting results in this
area are still waiting for an explanation. These include large
values of spin—spin correlation and analysing power in
elastic reactions [3], high hyperon polarisation [4], and large
asymmetries in binary [5] and inclusive [6] processes. Fur-
thermore, the appreciable sub-ISR hyperon polarisation
indicates that spin effects remain quite large up to energies
equivalent to 2 TeV in the laboratory frame. Figs 1-3
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Figure 1. Cross section ratio for pure spin states in elastic pp
scattering as a function of p2, for fixed angle (0., = 90°) and varying
energy, and for fixed energy (11.75 GeV) and varying angle.
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Figure 2. Analysing power A versus p3 in elastic pp scattering at 24
and 28 GeV [3].
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Figure 3. A-hyperon polarisation at 12 and 2000 GeV (equivalent
fixed-target energy) versus p, [4].

illustrate the important role of spin effects in hadron elastic
scattering and production processes.

Polarisation experiments began to be conducted in the
early 50s. At present, spin experiments fall into three
groups:

(1) unpolarised target, unpolarised beam;

(2)polarised target, unpolarised beam;

(3)polarised target, polarised beam.

The experiments in the first group are good for
measuring the polarisation of unstable final particles
such as A hyperons, which is determined from the
parity-nonconserving decay A — pmn~. In the second
group, polarised targets are needed, and the third group
also requires that either accelerated polarised beams or
polarised secondary beams be employed. In the polarisation
experiments in the first and second groups one can measure
polarisation and one-spin asymmetries, and in experiments
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in the third group spin—spin correlation parameters are
also covered.

The simplest possible observable is the interaction-
induced particle polarisation P. The polarisation is twice
the averaged spin of the particle. For example, for a spin of
1/2 the polarisation is given by

P ={(o-p; Xpy) , M

where the vector p; x p, determines the normal 7 to the
scattering plane. To produce polarisation one uses
polarised-target (or polarised-beam) experiments which
yield a quantity A called analysing power. This is defined
as the ratio

- dO'T— dO'l

=1 % 2
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Here doy and doj are the scattering cross sections on the
polarised target, and T and | indicate the direction of the
target polarisation relative to the scattering plane normal.
A similar definition holds in the case of a polarised beam.

The time-reversal invariance has the consequence that in
binary reactions the polarisation of the scattered particle, P,
is equal to the analysing power A: P =A.

It should be noted that in some experiments, instead of
changing the target (beam) polarisation direction, the

scattering-induced left —right asymmetry is measured.
This is defined by
ALR doy(6) — doy(—6) 3)

= do1(0) + doy(—0)

Left—right asymmetry equals analysing power for all
processes which have only one single-helicity-flip ampli-
tude, as for example in pp scattering.

One-spin asymmetries characterise the possibility of one
of the particles changing its helicity in the interaction
process and also characterise the relative phase of the
helicity-flip and helicity-nonflip amplitudes.

In polarised-beam polarised-target experiments, spin—
spin correlation parameters can be measured. These are
proportional to the quantities (¢,-6,) and characterise the
dependence of cross sections on particle spin directions.
Spin —spin correlation parameters, say Ay, are defined as
follows:

_do(2)/dt 4+ da(2)/dt —da(2)/dt — da(T)/dt
" de(2)/dt +da (D) /dt + do(2)/dt + da(5)/dt’

where dg(Z)/dr is the differential cross section for the
scattering of a polarised beam from a polarised target when
the initial particles have their spins directed along the beam
(z direction), ie., s®=s’=1/2. Another spin—spin
correlation parameter, A,,, is given by a formula similar
to Eqn (4) and corresponds to the case of initial spins being
oriented along the scattering plane normal (i=y). The
parameter A, describes the configuration with spins along
the third direction, X. In each case, a summation over the
spins of the final particles is carried out.

Further spin—spin correlation parameters may be
constructed, to relate, for example, differently directed
spins of the initial particles (A;), or the spin of an initial
particle and that of a final one (parameters D,, and K,,).

In polarised-beam experiments, in addition to para-
meters that derive from differential cross sections, one can
also measure integral characteristics, such as the difference
in total cross section for interacting particles initially in

Ay “4)

different spin states. These quantities, Aoy, and Ao, relate
to the longitudinal and transverse orientations of initial-
particle spins. They are defined as follows:

Ao, = Utot(:) - otot(:) = atot(++) - Utot(+_) s

Aot = 0, (11) — 00 (T]) - )

In Eqn (5) the arrows indicate the spin direction of the
initial hadrons, and the plus and minus signs denote the
helicities of the +1/2 and —1/2 hadrons, respectively.

This review discusses the role of the spin degrees of
freedom and the potential of spin effects for the study of the
hadron structure and hadron interaction dynamics. The
dynamical implications of spin effects in hadron reactions
emphasise, in particular, the role of chiral symmetry
breaking. The experimental results shown in Figs 1 to 3
are analysed, including the high analysing power A and the
large value of the spin —spin correlation parameter A,,. The
possibility of studying spin effects with the aid of accel-
erated polarised proton beams is also discussed. See Ref. [7]
for a more detailed discussion of the general approach to
the problem of the spin degrees of freedom in the high-
energy region.

2. Helicity conservation in quantum
chromodynamics

As already noted, the objective of the theory of strong
interactions is to study the hadron structure and hadron
interaction dynamics. At present, quantum chromody-
namics (QCD) is being considered as a suitable theory for
the purpose.

The perturbation expansion used in calculating observ-
able quantities [8] relies on the asymptotic freedom
property of QCD. Generally, such calculations employ
the parton model [9], which considers a hadron as a cluster
of noninteracting, massless point constituents.

Perturbative chromodynamics makes it possible to
describe spin-averaged observables for hadron interactions
at short distances. Serious difficulties arise, however, when
the observables under study involve spin degrees of free-
dom [10]. This is due to the chiral invariance of the QCD
Lagrangian and the vector nature of the QCD interaction.
In fact, the current quark masses are small and so the QCD
Lagrangian

Locp = —3 Tr (F, F*™) + ¥/ (x) iy “D, —my) ¥(x) (6
is approximately invariant under the SU(3), x SU(3);-

group chiral transformations. For massless quarks,
chirality and helicity are equal:

Y =51+, Y =301 —=95)¥,

¢|/2:¢R» l/’71/2 =y . @)

QCD interactions are equal for left and right quarks,

JV#‘/IA” = JIL'Y;JWLAI‘ + l/_IR’yul/IRAH ° (8)

and hence do not flip helicity.

Under such conditions massless particles will remain
either left or right at all times. Including current quark
masses yields a small helicity-flip amplitude and a very low
quark polarisation,

o m
P, x =

g ©
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the latter originating from diagrams with nonzero
imaginary parts.

The most commonly used tool for the QCD treatment of
hard hadron processes is the factorisation theorem, which
separates the dynamics of bound states at large distances
from the interaction dynamics of the constituents at small
distances. Clearly, the description of the hadronic wave
function is an essentially nonperturbative problem.

In the general case a hadronic wave function can be

represented as a Fock-state expansion [11]:

|h) = Zl//Z(xi’ ki, Ai)n)
nyA;

where |n) is the n-parton Fock state and the functions
W (x;, ko, A;) are a set of parton amplitudes defined on the
free-quark free-gluon Fock basis for equal light-cone
‘times’ T =1t +z. In this expansion k; is the transverse
momentum of the ith quark or gluon relative to the bound
state momentum P, and x; is the corresponding light-cone
momentum fraction,

_k K+ K,
Yi=pr = PO+ p3

(10)

E)

which in the infinite-momentum frame is the fraction of the
parton’s longitudinal momentum. The parton-amplitude
normalisation condition is of the form

Zj[dxl [k W e ks, AP =1,
n,A;

where [d%k,] denotes integration over the transverse
momenta,

n n 2
[d%,] = 167°5° (Zkl,) 15
i=1

i=1

and [dx] denotes integration over the light-cone momen-
tum fractions, i. e.

[dx] = 5(1 — ix,») ﬁ dx; .

Let us treat hard exclusive processes in terms of the
Brodsky—Lepage approach [11]. In this approach a hard
exclusive process involves wave function components with
short valence quark separations. In this case, the states that
involve only valence quarks determine completely the
hadron structure and the distribution function for such
processes:

k
@,{l(xi, li’ Q) (XJ

<@’

[k W50 ks &) (D)
Here /4 (x;, k;, 4;) is the valence-quark state amplitude, A
denotes the hadron helicity, and A; are the valence quark
helicities.

Another important quantity is the scattering amplitude,
which relates to the short-distance parton interaction
dynamics and can be evaluated perturbatively.

According to the factorisation theorem, the scattering
amplitude at the hadron level is the convolution of the
distribution functions and the hard scattering amplitude.
For the binary process A +B — C + D, for example,

FlAlBlClD = Zj[dx] ¢§:(—xis }'is Q) ¢j],)r:(-xis }'is Q)

A
XTH(xia Aia Q29 Hc.m.) ¢2\('xis }'is Q) QIBB(XI" Aia Q) 5 (]2)

where [dx] denotes integration over the momentum
fractions of partons in the initial and final hadrons,
h=A,B,C,D.

Since the integration over [d*k,] in Eqn (11) projects
the hadronic wave function on the zero-orbital-momentum
(L, = 0) states, the helicity of the hadron is the sum over
the valence quark helicities:

j. = ill N
i=1

where n,, is the number of valence quarks in the hadron 4.
As already mentioned, hard exclusive processes suppress
the hadron states which contain some partons in addition
to valence quarks.

The hard scattering amplitude Ty conserves quark
helicity. This implies the helicity conservation rule

AA +}'B:AC +}'D . (]4)

This rule has important experimental implications which
are discussed below.

The factorisation theorem and asymptotic freedom also
suggest the familiar quark count rule [12]
F(0)

~ 5
SN 2

(13)

%(A—f—B—»C—kD)oc (15)
where N = ny + ng + nc +np. By and large, the rule is in
good agreement with the experimental data.

However, for all the apparent simplicity of the problem,
difficulties arise in describing hard hadron scattering. For
example, Landshoff’s [13] disconnected diagrams violate
the quark count rule for differential cross sections. The
contribution from these diagrams has been examined in
detail in Ref. [14].

[t is to be noted that in the Brodsky—Lepage approach
the hadron and the interaction region are treated as
pointlike in nature, whereas the independent quark scatter-
ing mechanism implies that they are longitudinally
compressed objects, i. e. discs. Since disconnected diagrams
correspond to large-transverse-momentum processes, it
follows that the emission of gluons by coloured quarks
is essential here and leads to inelastic final states.

Thus, these diagrams contribute to inelastic processes,
and their contribution to exclusive reactions (in particular
to elastic scattering) is suppressed because so are all
processes in which the coloured quarks are widely sep-
arated and their colour charges do not compensate. Hence
contributions to the inelastic scattering may come only
from states with short quark separations, when their colour
charges mutually compensate and so no gluon emission
takes place. As a result, the calculation of the disconnected
diagrams including the suppression shows that the decay
exponent of the large-angle pp-scattering is 9.59 rather than
the quark-count value of 10.

The important point is that the disconnected diagrams
conserve quark helicity and that, on the whole, the
independent quark scattering mechanism (including the
suppression mentioned above) conserves helicity at the
hadron level in the s-channel at sufficiently high ener-
gies, when the mechanism in question operates at short
distances.

Of course, the number of diagrams is huge, and hard
scattering amplitudes have not been precisely calculated
within the perturbative QCD framework. At present, model
approaches are used in quantitatively estimating the
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perturbative QCD amplitudes and spin—spin correlation
parameters such as A,,. In this connection, it is worthwhile
to mention the suggestion [15, 16] that the quark exchange
diagrams be combined with Landshoff’s diagrams in order
to describe the experimental behaviour of the spin—spin
correlation A,,, one sensitive to the specific form of the
helicity amplitudes. We reemphasise, however, that helicity
conservation in QCD obtains to all orders in perturbation
theoryand for all diagrams independent of their complexity.

Let us next turn to the experimental data, to see how the
helicity conservation mentioned above and the power-law
prediction for large-angle cross sections are observed. It
should be remembered that the power-law cross sections are
generally considered as the justification of perturbative
QCD in a given kinematic region.

Comparison with experiment shows that power-law
differential cross sections are observed at relatively low
energies and momentum transfers. For example, for elastic
pp-scattering the power law agrees with experimental data
starting from +/s=5GeV and 6., ~40°, ie., for
pi =2-3 (GeV/c)z. This should be remembered when
discussing perturbative QCD for quantities associated
with the spin degrees of freedom.

The helicity conservation rule (14) gives simple predic-
tions for spin observables in elastic pp-scattering:

A :Asl:O’ Arm:_A.m' . (]6)

Analysing power and spin—spin correlation measurements
at large p7 have been performed in the 10—30 GeV range.
The measurements show that the relations (16) are not
satisfied [3]. The one-spin asymmetry A for p; = 28 GeV/c
and large pzl exhibits a clear tendency to rise with pzl and
reaches 24% for pzl =6.5 (Ge\//c)2 (see Fig. 2). The
parameter A,, reaches 60% at 6., =90° and
pL =12 GeV/c. This implies the following cross-section
ratio for proton interactions with parallel and antiparallel
spins (see Fig. 1):
do/dtly

do/dtl,; {17

This value cannot be obtained from diagrammatical
perturbative QCD models. If the above discrepancies
between perturbative QCD and experiment persist into
higher energies, this will be strong evidence for the
nonperturbative nature of the spin effect dynamics.

3. Nonperturbative approaches to spin effects in
elastic scattering

Let us consider some of the nonperturbative approaches to
the understanding of spin effects in elastic scattering. In
addition to being asymptotically free, QCD must also
predict two nonperturbative phenomena: confinement and
chiral symmetry breaking. The corresponding scales are
characterised by the parameters Agcp and A,, respectively
[17]: Agep = 100—-300 MeV, A, = 4nf, = 1 GeV, where f;
is the pion decay coupling constant. The chiral SU(3), x
SU(3)r symmetry is broken spontancously at distances in
between these scales. The chiral symmetry breaking
mechanism leads to quark mass production, with the
quarks acquiring an internal structure as a result [17].
These nonperturbative features are both being invoked for
explaining the observed spin effects. We shall consider the
confinement-involving approaches first.

3.1 Quark confinement and spin effects

3.1.1 Resonance amplitude contribution To describe the
observed behaviour of A,,, the pp-scattering amplitude at
12 GeV/c was assumed [18] to have a contribution from the
s-channel resonance structure (R) related to the excitation
of the ‘latent flavour’ |qqqqqqQQ) in colour-singlet
channels at the strange- and charmed-quark production
thresholds. The model amplitude consists of the perturba-
tive QCD part (background term) and the resonance
amplitude:

Fi=F+F}. (18)

The resonance amplitudes account for the large-distance
contribution, i. e. the confinement effect. Eqn (18)
represents an attempt to go beyond perturbative QCD.

As background amplitudes, quark-exchange amplitudes
have been chosen, these being dominant over their quark-
annihilation and gluon-exchange counterparts in exclusive
two-particle processes. Quark exchange amplitudes give a
value A, = 1/3, virtually independent of the energy and the
scattering angle. Consequently, these amplitudes fail to
describe the experimental data [3].

The resonance contributions F} are of the Breit—
Wigner form, and for /=L =S =1 the two nonzero
helicity amplitudes may be represented as

N 1/207(s)
d 0 .
Pe.m. = ( C,m,) M* — Ec.m. - l/zr

F3y =%£12n (19)
According to the basic assumption about the structure of a
resonance with baryon number of B =2, it is expected
that Eqn (19) must have contributions from states with
masses M =2.55 and 5.08 GeV, these masses correspond-
ing to the open-strangeness (pp — AK+p) and open-charm
(pp — A.D%) threshold values.

While this scheme does account for the behaviour of a
spin —spin correlation parameter (Fig. 4), the absence of a
single-helicity-change amplitude (F5 = 0) leads to a nonzero
one-spin asymmetry A.

Without expanding on this here we mention only that
there are a number of other schemes for going beyond
perturbative QCD to explain spin effects, some of these
involving diquarks [19], pinch singularity contribu-
tions [20], preasymptotic effects [21], and interaction
geometry [22]. The basic assumptions and main results
of these models are summarised in Table 1.
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Figure 4. Parameter A, in the latent flavour model [18].
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Table 1.
Model Dynamical assumptions Results
Diquarks Diquarks as components of the nucleonic Nonzero helicity-flip amplitude Fs, behaviour

Pinch singularities

Preasymptotic effects

Geometrical picture

wave function

Dominant role of leading (x — 1) quarks
in scattering processes

Soft rescattering in initial and final states,
quasipotential equation for the amplitude

Eikonal representation for the central,
spin—orbit, and spin —spin interactions

of the analysing power
Behaviour of the parameters A ,,(90°) and A ;;(90°)

ys-invariance violation at finite energies, behaviour
of the parameter A, polarisation decaying with
energy as 1/s

Riscin A, due to the spin—spin interaction being
more peripheral than the spin—orbit interaction

3.1.2 Massive quark model The massive quark model is
based on the so-called quantum geometrodynamics concept
[23]. Quantum geometrodynamics includes quark confine-
ment directly: the quark propagator is free of singularities.
Quark spectators conserve their spins. The elementary
quark —quark amplitude

qq9 — 99

is determined by summing an infinite number of meson
exchanges which include not only transverse vector states
(analogous to gluons) but also longitudinal vector and
pseudoscalar configurations of quarks and antiquarks. As
a result, the qqg-scattering amplitude

Vi vy P
Foy=Foy tFoy tFuy (20)

has a rich spin structure in the region of large angles.

In this approach the helicity amplitudes at the hadron
level are all nonzero; for example, for pp scattering we have
F; #0. However, the BB scattering amplitudes are real
functions and hence the analysing power is zero because of
the lack of phase difference between the helicity amplitudes.
It has therefore been suggested [24] that, for large scattering
angles, the contribution from the helicity-conserving imag-
inary diffraction amplitude be added, with the possibility of
an appreciable interference effect. As a result, the analysing
power A at 28 GeV/c increased up to 33%, to be compared
with the experimental value of 24% (see Fig. 5). For much
larger values of p?, A decreases rapidly. The parameter A,
at 28 and 50 GeV/c increases with scattering angle,
approaching unity at 90°.

A
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Figure 5. Variation of analysing power with p} in the massive quark
model [24].

3.2 Spontaneous breaking of chiral symmetry, and
hadron scattering

In order to explain the behaviour of spin observables, it
seems reasonable to invoke ideas involving the spontaneous
breaking of the chiral symmetry. Because of this breaking,
the hadron structure differs from the parton model even at
distances of a few tenths of a fermi. In particular, the
breaking of the chiral symmetry yields quark masses
comparable with the hadron mass scale. So at large
distances a hadron appears as a loosely bound system of
its constituent quarks. This view of hadron structure has
provided an understanding of some features seen in hadron
interactions at large distances. In particular, this yields
fairly reasonable values for statistical hadron character-
istics such as, for example, magnetic moments [25].

It should be emphasised that large spin effects long
observed in hard processes indicate that hadron interaction
dynamics is of a nonperturbative nature even at short
distances. Further confirmation of this is found in the
study of hadron structure in deep-inelastic scattering. It has
been found [26] that chiral models give a lucid explanation
of the spin structure function g;(x) measured in the deep-
inelastic scattering of polarised muons on a polarised
proton target.

The success of the chiral-symmetry-breaking models
naturally leads to attempts at their extension, in particular
to include hadron interactions at short distances. Some of
the ideas of the chiral models have been applied [27] to the
description of hadron scattering in a unified fashion at both
large and short distances [28].

3.2.1 Nonperturbative hadron structure Most hadron inter-
actions take place at distances at which the chiral symmetry
breaks spontaneously. Since this distance is less than the
confinement radius, a description in terms of constituent
quarks is adequate for the problem under study.

Some of the effective-Lagrangian models (see, for
example, Ref. [29]) describe hadron structure by including
the spontaneous breaking of the chiral symmetry. Since
effective Lagrangians presumably describe the nonpertur-
bative QCD properties (in the limit N, — oo, for example),
it is believed that such models provide the realisation of
these properties. For a survey of chiral models see Ref. [30].
As a starting point in discussing hadron structure and
hadron interaction dynamics we choose two models: the
modified versions of the ¢ model [31] and of the Nambu —
Jona— Lasinio (NJL) model [32].

We first note that most chiral models represent a baryon
as consisting of an inner core region carrying a baryon
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charge, and an external cloud around the core. The
existence of the core region is suggested by data both
for low [33] and for high [34, 35] energies. In particular, the
p, distribution of muon pairs at large masses may be
explained by the assumption that the central part of the
proton consists of valence quarks and has a radius of
0.20 £ 0.03 fermi. A phenomenological analysis of elastic
scattering data also suggests the presence of a central region
within the proton [35].

In the modified ¢ model massless quarks interact with a
boson field, whereas the NJL model involves a nonlinear
four-fermion interaction. The former model employs a
local-gauge-invariant SU(3), x SU(3)x symmetric
scheme. The cloud of interacting quarks appears in the
outer region of the soliton that arises in a nonlinear o
model. The quark interaction is realised by means of the
scalar field as follows:

—8&(x) [ (X)Yg (x) 4+ ¥rr (). (x)] @21

The scalar field &(x) is a nonzero function outside the
soliton.

Because of the interaction, massless quarks may form
zero-momentum zero-spin states, and the quark system may
go over into a new ground state, one containing a quark
condensate. This mechanism was originally suggested [32]
by invoking the superconductivity analogy. The new
ground state is a superposition of quark pair states. The
quark condensate concept and the notion of a quark-
condensate-containing hadron have been introduced on
the basis of on the NJL model. Originally this model
assumed nucleon fields to be fundamental ones. With
the advent of QCD, a quark field reformulation of the
model was developed.

The starting point is
Lagrangian

L =y +58° [(Fey)’ — Wysty)’] |
where g is a coupling constant with the dimensions of

length, and 7 represents the isospin matrix. This Lagran-
gian is invariant under chiral transformations,

¥ (x) — exp{iystatip(x) ,
Y(x) = Y(x) exp{iysta} .

Expression (22) may be considered as the simplest
possible effective Lagrangian capable of reflecting the
basic nonperturbative features of QCD. It has been
demonstrated that the chiral symmetry is broken dynam-
ically, and a quark acquires mass, as the coupling constant g
increases beyond a certain critical value. Thus, the inter-
action of massless fermions generates the dynamical mass of
the quark. In this approach a massive quark appears as a
quark condensate excitation and may be regarded as a
quasiparticle (a mixture of right and left quarks).

It is reasonable to assume that as a result of the breaking
of the chiral symmetry, in addition to the mass

m«—%@w,

the nonlinear four-fermion

(22)

(23)

the quark acquires a certain internal structure and a final
size. The quark radius r, also must be related to the order
parameter (Y) and hence to the mass:

1

ro X — .

24
V% 24)

Originally this relation was introduced phenomenologically
in the analysis of elastic scattering data [36]. Relation (24)
was shown to yield correct values for total cross section
ratios for various hadron reactions. Later a similar quark
radius expression was obtained within the NJL model [37].

Based on the results above, the hadron may naturally be
thought to consist of an inner region (the location of the
valence quarks), and a condensate-filled outer region. The
valence quarks then appear as extended objects. They are
described by their size and by the distribution of quark
matter.

3.2.2 Elastic hadron scattering model In this case the first
stage in a hadron collision event involves the overlapping
of hadron structures and the interaction of the condensates.
The excitation of a condensate in the overlap region gives
rise to quasiparticles, that is, to massive quarks. The
number of these is estimated by assuming that some of the
energy carried by the outer clouds is released in the overlap
region to be expended on massive quark formation. The
number of quarks produced in a hadron collision is then
estimated to be

N(s,b) (X(l;k)\/;

Dl ®D, (25)
mq

where m,, is the quark mass and k is the fraction of energy

corresponding to the valence quarks.

The function ch'l describes the distribution of the
condensate within the hadron H, and b is the impact
parameter of the colliding hadrons A and B. Thus,
N(s,b) virtual quarks appear in addition to N valence
quarks (N =na +ng). In elastic scattering the quarks
produced transform into the condensates of scattered
hadrons at the final stage of the interaction.

The model rests on the assumption that valence quarks
are scattered quasi-independently by a certain external field
which is produced by the virtual quarks and by the self-
consistent field of the quarks themselves. In conformity
with the quasi-independent nature of the valence quarks,
the initial form of the principal dynamic quantity employed
may be given by the following product (in the impact
parameter representation [38]):

N
U(s,b) = qu(s, D) .
g=1

The factors f,(s, b) correspond to the scattering amplitudes
of individual valence quarks in the effective field which is
produced by the virtual and valence quarks.

The function U(s, b) represents the generalised reaction
matrix. The scattering amplitude F is related to the function
U by (see Ref. [39])

(26)

F:U—f—inQUF. 7

This relation secures the unitarity condition, provided

ImU(s,b) >0 . (28)

Implications of the scattering amplitude being unitarised by
means of the generalised reaction matrix are discussed in
Ref. [28].

In accordance with the idea of quarks being scattered in
an effective field, f,(s, ) is written in the form

fq(s:0) = [N(S’ b) +N —1]V,(b) (29)
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where the function V,(b) may be represented as a
convolution,

Vq(r) = JDq(rl)qu(r +r — rz)Dq(r2) d’r, &3, , (30)

v = vi/loP+ ez (1)

In Eqn (30) the function v,, describes the quark —quark
interaction, D, (r) is the quark distribution function, and r,
and r, are the quark-centre coordinates. It is understood
that the longitudinal degrees of freedom of the quarks have
been integrated out.

As already stated, a massive quark is a quasiparticle, i.e.
a mixture of right and left quarks which interact contact-
wise in the NJL model. It is therefore quite natural to relate
the quark interaction radius to the quark size and to take
the interaction amplitude to be proportional to the
convolution of the quark matter densities:

Vgg X d, ®d, , (32)
where d, is the quark matter distribution function within
the massive quark.

Taking for this distribution (or the quark form factor)
the simple exponential form d, o< exp(—r/r,) we obtain

Vg < exp(—r/r,) . (33)

Then from Eqns (30) and (33) the function V,(b) follows as

V,(b) o< exp(—m,b) . 34)
The explicit expression for V,(b) has been obtained under
certain simplifying assumptions. The function V,(b) may be
more complex in form because of a more complicated v,,
dependence or because the distribution function D, (r) may
fall off less rapidly. While the inclusion of these factors is
important for fitting the data quantitatively, for qualitative
purposes the expressions above will do.

Note that because of the peripheral nature of the
condensate distribution within a hadron the dependence
of the convolution D, ® D, on the impact parameter is
weak compared to the function V,(b) and may therefore be
neglected.

We now turn to consider the spin structure of the
hadron and the spin dependence of hadron interactions. In
the approach being considered a quark is an extended entity
having an inner structure. So it is natural to relate the quark
spin to the orbital motion of the quark matter. It is precisely
in this way that spin is treated in the effective-Lagrangian
approach [26, 29].

A change in quark helicity may occur via the interaction
of a valence quark with a virtual one. Virtual quarks differ
in helicity, so that an exchange process involving a valence
quark and its virtual counterpart with opposite helicity (but
with the same flavour) will secure a necessary change in
quark helicity,

q+ 7 49— .

Based on the NJL model, it is assumed that the qq
interaction is one of a contact type.

Let us introduce two functions describing the helicity-
flip and helicity-conserving scattering of a quark in the

effective field. The choice of these is based on the above
interaction picture:

Fals,D) = g4(s) exp[=myb + i, (s)] »

Far(s, D) = g, 4(s) exp [—amqb + id)qf(s)] .

The quark exchange process plays a more critical role
than does quark scattering. In fact, a valence quark knocks
out’ a corresponding quark with opposite helicity but with
the same flavour. Such an interaction must be more
important, and is less likely due to the effectively reduced
number of participating quarks relative to elastic scattering.
This gives the following intensity ratio for helicity-flip and
helicity-nonflip quark scattering in the effective field:

84(5)

gqf(s)
Eqn (36) gives the suppression of the helicity-flip relative to
the helicity-nonflip scattering.

Naturally, the amplitudes (35) have different phases. In
the optical picture the phase may be related to the number
of scattering particles. We therefore assume that the

difference in phase between the helicity amplitudes has
the following dependence:

A(s) = ¢y (s) = ys(s) o Ny(s) .

(33)

o N, (s) . (36)

@37)

Thus, in the analysis of experimental data on A(s) a two-
parameter linear function of /s is employed.

Note that there exist hierarchical relations between the
ratios of the single- and double-helicity-flip functions to the
nonflip function:

Us(s, b) my

U, (s, b) 0(75’

Us(s, b) m;
U, (s, b) RO

(38)
These relations are at first sight reminiscent of perturbative
QCD. There are, however, three points of distinction which
should be mentioned.

First, we are discussing a nonperturbative approach and
hence Eqn (38) does not involve a factor «,, and the mass
m, is that of a constituent quark and so is of the order of
the hadron mass. This last circumstance is a consequence of
the breaking of the chiral symmetry. Second, relations (38)
hold for functions as taken in the impact parameter
representation. Finally, these relations are not for ampli-
tudes but rather for the U matrix, further to be subjected to
a unitarisation procedure.

As we shall see, the above features lead to a considerable
difference in the behaviour of spin dependent observables.

3.2.3 Helicity amplitudes in hadron scattering The analytical
evaluation of scattering amplitudes involves the analysis of
singularities in the complex impact-parameter plane
[40, 41].

In order to carry out an analytical calculation of the
five helicity amplitudes of the pp scattering, F(s, ¢),
i=1,2,...,5, the corresponding amplitudes in the impact
parameter representation, fi(s, f), B = b’ are continued
into the complex f plane and the integral over the impact
parameter is transformed into one along the contour C
around the positive half-axis. We then have the following
representations for the helicity amplitudes:
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Fi(s.1) = —%JC B fi(s B)Ko(\/7B), t<0, i=123,
Fils) = oo | 4BAGPRAVER)

(39

(o) = =V | BB DKoV —Ka (V).

where the K;(x) are modified Bessel functions.

The amplitudes f;(s, B) have poles in the complex f plane
whose positions are determined by the zeros of the
denominator in the appropriate unitarised U-matrix repre-
senta-tion [39]:

C\N/2
B.(s) :—21n[§(%) ] timn, n==%1, £3, ..., (40)
mg
where M =m,N and g is a constant. The helicity
amplitudes f;(s, ) have a branch point at f=0 in
addition to the poles.

Thus, the helicity amplitudes can be represented as a
sum of the contribution from the poles and that from the
cut:

Fi(s,t) = F; (s,1) + F o(s,1) . (41)

Note that these contributions are dynamically separable
since g,(s) — oo as s — oo. This behaviour of the function
g,(s) corresponds to the asymptotical rise in total cross
sections.

The contributions from the poles in the complex impact-
parameter plane determine the behaviour of the amplitude
in the region |¢t|/s < 1 (f # 0). The helicity parameters can
be represented as a series in the parameter t(v/—t),

Fi(s,t) =s i *(V=1)8V [R(s), V=] , (42)
k=1

where the functions <D,((i) [R(s), v/—t ] oscillate in the variable
v/—t and 7t decreases exponentially with it:

(V1) =exn<—%«/—_t> :

For intermediate values of + we need keep only a few or
even one term in the series for the helicity amplitude. The
differential cross section in this region exhibits the Orear
behaviour:

do 2n
EO(GX]:)(—M\/—t) .

(43)

(44)

This is in agreement with experiment giving an estimated
quark mass of m, =~ 200 MeV. In this region the analysing
power has an oscillatory dependence on the momentum
transfer.

The period of the oscillations is determined by the
effective interaction radius, which grows logarithmically as
s — 00!

R(s) :ilns.

M 45)

Thus, for scattering in the region |f| <s the one-spin
asymmetry oscillations are determined by the contributions
from the poles in the complex impact-parameter plane and
are a consequence of the unitary condition in the direct
reaction channel.

The large-angle behaviour of the helicity amplitude
Fi(s,t) (s — oo, with |[¢|/s fixed) is determined by the
contribution from the cut g € [0, — o0):

. 0
R0 =25 | apdisehi(s DK(VIB). i=1.2.3.

. 0
Filst) == | dpdisess R(VID)

(46)
Fs(s, 1)

0
_ _1;_‘3J_ dBdiscfs(s, B)K (/1) .

Performing the integrals and taking into account the
particle identity we are led to the following expressions for
the helicity amplitudes in wide-angle pp scattering:

Fi(s.0) = ()M (|1 + u|72)

Fo(60) = ooty [0 exp2ia )+ ),
Fi(0.0) = o) 2331 [é‘ij(fg))] expl-24(3]ul ),
Fy(s,0) = —F3(s,n—0) ,

Fs(s,6) = o(s )“";’(( )) expl—id ()] (|7 + [u ) “
where

ols) = exp[=iNe, ()], M;=M +2m,(1 —a) .

m,q()

For large momentum transfers (s — oo, |f|/s fixed), the
contribution from the branch point (f = 0) dominates. The
angular distribution here has the following power-law
dependence:

d | N+3 .
Tjoc (7> OF

Superimposed on the power-law dependence are oscilla-
tions whose explicit form is omitted here. The
behaviour (48) is consistent with the data, although the
values of the exponent are somewhat different from those
originally obtained by the quark count rule and Ilater
derived within the perturbative QCD framework. The
discrepancy is due to there being a mass scale of the order
of the hadron mass in the model.

As noted earlier, this mass is due to the spontaneous
breaking of the chiral symmetry. In this sense the above
modelis close to the mechanism of Landshoff [13] which also
deviates from the quark count rule because of a mass scale
present in the problem. Further common features may be
found if one notices that quark scattering is independent in
both models.

(48)

3.3 Analysing power and spin-spin correlation
parameters

Explicit expressions for the helicity amplitudes allow
certain conclusions to be drawn concerning the behaviour
of spin observables at large scattering angles. It is in this
way that nonzero one-spin asymmetry was predicted [42].
For large-angle pp scattering the analysing power behaves
as follows:

A(s, 0) = — 25in46) f(O)[l +o(m7‘2’)] ,

-0 @

where
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pL =28GeV/c
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Figure 6. Analysing power at large angles in the U-matrix model.

) sin 260[cos’(6/2) + sin®(6/2)]
d 30820+ 54 sin® O+ (1 —k) °N?sin’ @
Usually the parameter k is taken to be 1/2, implying that
half of the hadron energy is carried by the valence quarks.
Fig. 6 compares experimental data with the corresponding
expression for the analysing power A.

In the case of N scattering the analysing power is

_ 2sinA(s) sin(6/2)
(I1=Kk)N 1+ (1 —k)>N-2sin?(6/2)

ol

In the region of large angles A (s, ) may be as high as 60% .

It has also been predicted that the analysing power is an
oscillatory function of s because the energy dependence of
this quantity is determined by the phase difference A(s).
From the optical picture of valence quark scattering in the
effective field it follows that the phase difference A(s)
increases with energy. The one-spin asymmetry remains
nonzero at the asymptotic energies and hence is amenable
to observation at very high energies. The experimental test
of this prediction is crucial for the model.

The spin—spin correlation expressions for elastic pp
scattering through a (centre-of-mass) angle 6., = 90° are

A(s, 0) =

(50)

A, (5, 90%) :%{1 _og_L/j)zs [1 +%(1 - a)] cosZA(s)} ,

1 8m,
A (s, 90°) :——{1 TR

3 m [] +%(l - a)] cosZA(s)},

1 ; (51)
A.\l\'(sa 900) = _g + O (%) )

The explicit expression for the differential cross section is

‘(11—‘: (5,90°) = a(s) {1 - (12—7’"/:21)% [1 + % (1- oc)] cos 24(s) }

(52)

where

ao(s) o (%)NH .

A HN(S’ 900)
0.6

0.4

0.2

pL/GeV/e)

Figure 7. Comparison of the quark U matrix model and experimental
data for A, (s, 90°).

It is readily seen that the power-law behaviour of the
cross section is modified by superimposed oscillations.
These latter have indeed been observed experimentally in
large-angle cross section measurements (see, for example,
Ref. [43]). The behaviour of the spin-—spin correlation
parameters as a function of the energy is also oscillatory
in character. This behaviour explains the observed energy
dependence of the parameter A,,(s,90°) in the interval
pL =6-12 GeV/c (Fig. 7).

The helicity amplitude expressions (47) yield spin—spin
correlation parameters for any scattering angles. Thus, for
the parameter A,, for p.=18.5GeV/c and
pl =47 (GeV/c)*, we have A,, = —6%. All the above
results are in agreement with the experimental data.

The oscillations in s are a consequence of the optical
approach to valence quark scattering. The quark conden-
sate appears as a result of the spontaneous breaking of the
chiral symmetry. The internal quark structure which results
is characterised by a finite (r,-dependent) size and a certain
distribution of the quark matter (quark form factor).

Based as it is on the nonperturbative dynamics proper-
ties mentioned above, the model described is capable of
predicting the main features of elastic scattering for any
values of momentum transfer, as well as accounting for spin
effects. It is to be emphasised that the power-law behaviour
of the large-angle differential cross sections can also be
obtained nonperturbatively.

This last circumstance implies however that the power-
law hard-scattering cross sections are not by themselves
sufficient to justify perturbative QCD. For this, at least one
more condition must be met—that one-spin transverse
asymmetries be vanishingly small in the hard region. There
is at present no such tendency experimentally.

In considering the hadron structure and hadron inter-
action dynamics we relied upon the results obtained from
the models involving spontaneously broken chiral symme-
try. The unitarity property in the direct channel of a
reaction was accounted for explicitly and it was demon-
strated that both short- and long-distance hadron
interactions may be treated within a single framework.

It should be emphasised that the measurement of the
analysing power and spin—spin correlation in elastic
scattering provides an explicit and unambiguous way of
testing both perturbative QCD itself and models that use
nonperturbative approaches to hadron dynamics.
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4. Inclusive processes and spin effects

We next address ourselves to spin effects in inclusive
reactions and consider problems amenable to study by
means of accelerated, polarised proton beams. Measure-
ments of spin observables in collisions of a polarised proton
beam with unpolarised antiprotons in, for example, the
FNAL collider, are expected to give an independent check of
the standard model, including the strong interaction sector,
QCD.

4.1 Implications of perturbative quantum chromodynamics
Consider a polarised beam reaction

A +B—C+X, (53)

when the hadron A is polarised transversely (N) or
longitudinally (L) relative to the momentum. The simplest
observable quantity is the one-spin asymmetry A defined
by analogy with the analysing power for binary reactions
as

_Ec dO'/dSPCh —Ecda/ dspch
Ecdo/dpcly + Ecda/d pel;

(54)

From the parity conservation in strong interactions,
only the transverse asymmetry Ay may be different from
zero in reactions (53). An observation of nonzero long-
itudinal asymmetry Ay in hadron processes would indicate
the presence of a parity-breaking term in strong inter-
actions. However in electroweak interactions, where parity
is not conserved, the helicity (or longitudinal) asymmetry
Ay may also differ from zero.

Although in the processes under consideration only one
of the colliding hadrons is polarised, it should be noted that
such reactions also enable two-spin asymmetries to be
measured. Thus, the polarisation of unstable particles in
their final state may be measured from the angular
distribution of decay products (A hyperon, for example).

Thus, for the initial hadron A polarised longitudinally,
the asymmetry transfer, Dy , can be measured by observing
the longitudinal polarisation C of the final particle:

Ecdo/&pcl- — Ecdo/ Epel-
 Ecdo/&pcl- +Ecda/dpel-

LL (55)

The arguments presented hold, naturally, for the case of
transverse asymmetries as well.

We consider one-spin asymmetries first. The QCD
factorisation theorem enables the inclusive cross section
to be presented as an incoherent sum over the cross sections
of all possible hard subprocesses [11]:

q 1 1 1 1
EC3—a(la»lb’lc) = dan dxbj dx, —
d*pe hudn oy 20 d0 o e

XG?\,AA (xa’ }'a» Q)GE,AB (xba }-ba Q)Dcc’/1C (xc, )'c» Q)

] ab—cd

x8(s' +1' +L,')“;T (Ras Ay Acs ) (56)

where 1, and A, are the helicities of hadron A and parton
a, respectively; G denotes the structure function and D, the
fragmentation function.

The quark and gluon structure functions are related to
the light-cone wave functions by

Q
G (1.4 0) Zj [k 1], Cein Ak L 20(0x — x,) -
n,A;
(57)

The structure functions are nonperturbative entities, and it
is the important task of spin studies to determine the
dependence of the probability |y,(x;, Ai,kl,,»)|2 on the
number, type, and helicity of the constituents.

Now Fock states with any number of quarks and gluons
and with arbitrary orbital momenta contribute to the
structure function G. Thus the sum over the helicities of
all the constituents is not equal to the hadron helicity Ay.
The only relation available is

)'H = )'q +)'g + <L1>q + <L1>g >

where A, and A, represent the total quark and gluon
helicities and (L), and (L_), are the corresponding orbital
angular momenta.

Given the structure functions, the factorisation theorem
allows us to calculate the cross sections of hard processes
and the corresponding two- and one-spin asymmetries by
suggesting the following expression for the cross section
difference:

AP = N L AGRGRADG Ac™ ! [1+ 0 ()] . (58)
ab,c,d

The symbol A denotes the difference in the corresponding

quantities for different spin orientations in the initial and

finite particles.

One-spin transverse asymmetries, at the constituent level
in a hard subprocess, are nonzero in view of the vector
nature of the interaction [44]. Thus, if the energy and the
transverse momentum are sufficiently high that contribu-
tions from the higher twists may be neglected, one expects
that Ay =0. Any departure from this prediction will
necessitate a serious revision of perturbative QCD. Analo-
gous to elastic scattering, discovery of nonzero transverse
asymmetry in inclusive processes may be linked with the
breaking of the chiral symmetry because spin properties are
closely related to the chiral features of the theory.

The energy independence of A hyperons and their
considerable polarisation in the 12-2000 GeV interval
indicate that spin effects are important at very high
energies as well [4]. Other experimental results, including
large spin effects in elastic scattering at 28 GeV and large
values of pi [3], provide further evidence in favour of this
conclusion.

Since at Tevatron energies (for 4/s =2 TeV) the higher-
twist effects are negligible, it follows that measuring Ay
might make it possible to test QCD, at large p, and for xp
close to zero, in processes such as

pr+P—on+X, pr+p—ojet+X. (59)

Such measurements of Ay would serve as a test of the very
basis of QCD, i.e. of the Lagrangian of the standard model
in the strong interaction region.

On the other hand, measurements of longitudinal
asymmetries may give information about the production
mechanism and spin structure of hadrons. One approach
which seems to offer promise is the study of reactions with
an unstable baryon in the final state, such as

p_+p—AL+X. (60)
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For such a reaction, the subprocess qq — s5 will dominate
at large x |, whereas the gluon annihilation, gg — s8, will
provide a significant background at low values of x . It is
thus seen for different kinematical regions that the
process (60) is sensitive to the quark or gluon polarisation
in a polarised proton.

Asymmetries at the constituent level are calculated
within the perturbative QCD framework [46], so the
measurements of, for example, the parameter Dy yield
information concerning quark and gluon polarisations.
Theoretical estimates put Dy at the 50% level [47]. The
measurement of Dy is also of interest from the viewpoint
of strange-sea polarisation in the nucleon, which may be
highly negative in accord with the EMC results.

4.2 Nonperturbative models for spin effects in inclusive
processes

Turning back to the question of the ability or disability of
QCD to describe spin effects, at not too high energies the
situation is, admittedly, more complex. In fact in this
region, in addition to large p, data, testing the theory also
requires one to consider effects such as higher twists,
hadron diquarks, interaction in the initial and final states,
and chiral symmetry breakdown.

It has been argued [48] that the internal transverse
momenta of the constituents must be included in the
description of one-spin asymmetry. More precisely, the
idea was to introduce structure functions dependent on
partons’ transverse momentum k| :

Gii(x, Q%) — Gii(x.k 1. Q%) . (61)

The assumption of correlation between the proton spin
and the orbital motion of proton constituents had earlier
led to the prediction of a nontrivial asymmetry Ay in elastic
scattering [49]. For large values of p, it is found that [49]:

{ka)
pL

AN~ (62)
The important point here is that the expression for
asymmetry does not involve either the mass quark or «.
Nevertheless, this dependence of the asymmetry Ay on p
rules out the large values of one-spin asymmetry which are
observed experimentally at large p; .

In order to describe the one-spin asymmetry observed in
a hadron production reaction on a polarised target,
A + By — C + X, the present authors [50] have developed
a model which is based on the U matrix approach and also
employs Chou—Yang’s idea of rotating hadron matter
(which is the quark condensate in this context). The
asymmetry is related to the contribution from the con-
densate to the hadron spin which the latter, for a transverse
hadron polarisation, may be represented as the sum

Sh = Sq + <L>c0nd .

In the effective-field generation process, the orbital
momentum of the condensate in the polarised hadron
will be transferred to the cloud of the quarks produced
by the interaction of the hadron condensates, i.e. the cloud
will have its orbital momentum (L), different from zero,
a feature which is naturally associated with the cloud’s
rotation. Thus, the origin of asymmetry in hadron produc-
tion is related to the nonzero orbital momentum of the
cloud of qq pairs.

(63)

The dependence of the asymmetry on energy and p, has
the form

L —a,
AN (s, py) = oEeons ff"d sPB(ps) . (64)
_ Jpi"exp(pi/m), py <pl.
B(ps) {Cm’ o (65)

where m~' & 1 fm and n = 8 is the exponent with which the
cross sections decays with p,. The asymmetry Ay is
proportional to the fraction of the total hadron spin which
is associated with the orbital momentum of the condensate.
The asymmetry is a decreasing function of the energy, the
parameter o varying from 3 to 5.

Thus, not only perturbative QCD but also simple
models involving nonperturbative QCD features predict
low one-spin asymmetries in the hard region in high-energy
inclusive processes. This observation, it is believed, will
stimulate experiments on testing directly not only the
predictions of particular theoretical models but also the
very foundations of the modern theory of strong inter-
actions.

5. Spin asymmetries in electroweak interactions

The title of this section covers an extremely broad subject
area. We will only touch on some questions associated with
the possibility of producing an accelerated, polarised
proton beam. In this case the measurement of the
longitudinal asymmetry A is of particular interest because
we are dealing here with the production of W* and of
heavy lepton pairs.

Direct calculations of Wt and W™ production can be
carried out within the Drell—Yan picture. The reactions
which dominate at energies /s ~ 1 TeV are the quark—
antiquark fusion processes, ud — W and ad — W™.

Within the framework of the standard model, W is a left
current, and the asymmetry at the constituent level is a
maximum. Therefore the asymmetry A; is expressed in
terms of the spin-average quark distribution q(x,M&v) and
the spin-dependent quark distribution Ag(x, My ). Thus,
measuring A in the process

P +p— WE+X (66)

gives an independent way (in addition to deep-inelastic
scattering) to obtain the spin quark distribution A4gq,
because the spin-average distribution ¢ is known from
experiments on unpolarised particles.

Furthermore, if spin quark distributions are available
from other experiments, the measurement of asymmetry in
w* production may be used for testing the standard model.
This also holds for the production of large-mass parton
pairs. In such processes the expectation value of the
asymmetry A reaches 60% —80% in certain kinematic
regions [47]. Note, however, that in measuring A in the
hadron production of W in the Tevatron some complica-
tions arise because of the kinematic uncertainties
involved [51].

The longitudinal asymmetry A is also sensitive to the
new physics’ departure from the standard model. For
example, the minimal extension of the model which
incorporates left —right symmetric interactions suggests
the production of massive right-side Wﬁ. The asymmetry
AL(p_, + P — Wi + X) will then be opposite in sign to the
asymmetry A (p_, +p — Wi +X).
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6. Compositeness

The measurement of A and Ay is also helpful in the
search for compositeness. Today there exist many models
which consider quarks and leptons as composed of further
constituents (preons). The simplest indication of quark
compositeness is that the jet production cross section at
large transverse momenta departs from perturbative QCD
predictions. This is known to be due to a new quark-—
quark interaction term induced by the quark composed
structures,
&
L= WOP qAqQqAq,
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(67)

where the compositeness scale A, is of the order of the
preon binding energy.

The form of A is determined by the particular model of
the Dirac interaction structure. The parallel study of
polarisation and the search for compositeness are impor-
tant in that they make it possible to determine the type of
the interaction, i.e. the form of A. Different forms of A,
such as A =y#(1 —9°)/2 or A =17,, give almost identical
predictions for cross sections averaged over the spin degrees
of freedom [52]. However, predictions for the parameter A,
differ widely for the above versions of A.

7. Conclusion

Measurements of the spin structure function gf(x) have
revealed the nontrivial spin structure of the proton. These
results, together with the large spin effects observed in hard
elastic and inelastic interactions, suggest further investiga-
tions in this area. UNK THEP experiments with a polarised
jet target and Tevatron FN AL experiments with a polarised
proton beam will make it possible to study both the spin
properties of interactions and the spin structure of the
proton.

Collisions of polarised protons with antiprotons at
/s =2 TeV are going to offer new and unique possibil-
ities. They will make it possible to test the basic present-day
views on particle interactions and to continue the quest for
a new physics beyond the framework of the standard model.
Polarised beams are necessary in measuring the analysing
power and spin—spin correlation at large pi. Moreover, a
polarised beam will be effective in reducing the background
in studying rare processes such as top-quark production.

The study of spin effects, in particular the production of
accelerated polarised beams, is a more complicated prob-
lem. Experience shows, however, that the measurement of
spin-related observables always leads to new and unex-
pected results that provide further insight into the structure
of particles and the dynamics of their interactions. The
measure-ment of spin observables in high-energy hadron
processes will, hopefully, justify the current theoretical
views on the nature of strong interactions and will further
our understanding of the quark interaction at large
distances.
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